Abstract The method of synthesis of oligoetherols with 1,3,5-triazine ring and boron was established. The obtained oligoetherol is suitablse to obtaining polyurethane foams (PUFs) of enhanced thermal resistance and diminished flammability. The obtained PUFs can stand long term thermal exposure at 175°C. The PUFs annealed at 150 and 175°C showed improved compressive strength in comparison with not exposed to heating.
Introduction
Introduction of thermally stable 1,3,5-triazine, perhydro-1,3,5-triazine and purine rings into oligoetherols suitable to obtain polyurethane foams (PUFs) resulted in formation of PUFs of enhanced thermal resistance [1] . The cheap source for such application is melamine (MEL), which contains 1,3,5,-triazine ring. Hydroxyalkylation of MEL with alkylene carbonates resulted in formation of desired oligoetherols [2] according to the following scheme:
where: m+p+q+x+y+z=n
The PUFs obtained from them can be applied as thermal isolators for pipes for transmission of heating media or isolators for cistern transporting liquid sulfur. Generally PUFs have low heat capacity and therefore are good heat insulator, which application can be spread provided their flame resistant is increased. Obtained PUFs with 1,3,5-triazine ring themselves are flammable which makes them useless as thermal insulators at high temperatures. Recently boron and its compounds are tested as flame retardants. The products of reaction between boric acid and diols, derivatives of urea or oxiranes like glycerine epichlorhydrin were reported as flame (1) * Jacek Lubczak jml@prz.edu.pl retardants, when introduced into composite at foaming step [3] [4] [5] [6] [7] [8] . Oligoetherols containing azacyclic rings and boron atoms were obtained from hydroxyethyl derivatives of isocyanuric acid, uric acid and melamine with boric acid, and then with hydroxyalkylating agents like oxiranes and alkylene carbonates. Those oligoetherols upon reaction with water and isocyanates gave self-distinguishing or lowered flammability PUFs in comparison with classic ones. However the synthetic protocol is a multistep process: cyanuric chloride was reacted with diethanolamine to obtain hydroxyalkyl derivatives, which were ester:ified with boric acid to get hydroesters of boric acid with 1,3,5-triazine ring, which was later hydroxyalkylated with alkylene carbonates into desired oligoetherols according to the scheme [9] :
where: R=-H, -CH 3 ; x+y+z+p+q+w+v+o+r=n
Multistep reaction and the necessity of separation and purification of intermediated were the disadvantages of that approach [9] . Therefore we are searching for less laborious method leading to oligoetherols -suitable substrates for thermally resistant and incombustible PUFs. It seemed that melamine diborate (MDB) might serve as good candidate to synthesize such oligoetherols due to presence of 1,3,5-triazine ring and boron incorporated in it.
Experimental Syntheses

Synthesis of melamine diborate (MDB)
50.4 g (0.4 mol) melamine (pure, Fluka, Buchs, Switzerland) was dissolved in 2400 cm 3 hot water. 49.5 g (0.8 mol) boric acid (pure, POCH, Poland) was dissolved in 400 cm 3 water at 70°C. The solutions were mixed and cooled to room temperature with continuous stirring. MDB (MEL . 2H 3 BO 3 ) precipitated as white solid, which was filtered off, washed with water and air-dried. Yield 81% [10] .
Syntheses of oligoetherols from melamine diborate and ethylene carbonates 81.0 g (0.32 mol) of MDB, 619.5 g (7.04 mol) of ethylene carbonate (EC, pure, Sigma-Aldrich, Germany) and 4.8 g (0.03 mol) of potassium carbonate (pure, POCH, Poland) as catalyst were placed in three-necked 750 cm 3 flask equipped with mechanical stirrer, reflux condenser and thermometer and heated to 170-180°C for 10 h. Dark-brown resin-like products were obtained. The progress of reaction was monitored by determination of unreacted alkylene carbonate.
Analytical methods
The progress of reaction between MDB and EC was monitored using barium hydroxide method described in [11] . The acid number (AN) of oligoetherols was determined by titration with 0.1 M sodium hydroxide in presence of phenolphthalein. The hydroxyl number (HN) was determined by acylation with acetic anhydride in xylene; the anhydride excess was then titrated off with 1.5 M NaOH in presence of phenolphthalein [12] . Elemental analysis for C, H, N, were done with EA 1108, Carlo-Erba analyzer. The boron was determined by emission atomic spectrometry (ICP-OES VISTA-MPX spectrometer, Varian, USA with 10% accuracy). The 1 H-NMR spectra of products were recorded at 500 MHz Bruker UltraShield in DMSO-d 6 with hexamethyldisiloxane as internal standard. IR spectra were registered on ALPHA FT-IR BRUKER spectrometer in KBr pellets or ATR technique. MALDI ToF (MatrixAssiated Laser Desorption Ionization Time of Flight) of oligoetherols were obtained on Voyager-Elite Perceptive Biosystems (US) mass spectrometer working at linear mode with delayed ion extraction, equipped with nitrogen laser working at 352 nm. The method of laser desorption from gold matrix was applied. Therefore the observed peaks corresponded to the molecular ions plus Au and K + (from catalyst) ions. The samples were diluted with water to 0.5 mg/cm 3 . In order to identify side products (glycols and polyglycols) formed in the reaction of MDB with EC and the compounds formed in consecutive reactions with EC, the oligoetherols were separated chromatographically using cyklohexanone (cz.da. S.A. POCH, Gliwice, Poland) as internal standard. The gas chromatograph HP 4890A was used, equipped with HP-FFAP column of 30 m length, 0.53 mm diameter, 1.5 μm film thickness and 220°C port temperature and temperature proRef: 50-220°C, with 20 deg./min heating rate, the helium flow 18.3 cm 3 / min, and 0.2 μdm 3 sample volume. Series of reference substances were used: ethylene glycol, diethylene glycol, triethylene glycol and tetraethylene glycol, (pure Aldrich, UK). The percentage of diols in products was determined based on calibration curves with the same internal standard using formula (3):
where: m cd , m t diol mass or consecutive product of its reaction with alkylene carbonate and mass of standard, respectively, S cd , S t integrated peak area of diol or consecutive product and standard, respectively a, b experimental coefficients of calibration curves.
Mass of products obtained from EC or PC and water and mass of products of consecutive reactions between diols and alkylene carbonates were calculated from formula (3). The percentage of side products were calculated considering total sample mass (m p ) according to formula (4):
Physical properties of oligoetherols Refraction index, density, viscosity, and surface tension of oligoetherols were determined with Abbe refractometer, pycn o m e t e r, H ö p p l e r v i s c o m e t e r ( t y p B H Z , p r o d . Prüfgeratewerk, Germany) [13] and by the detaching ring method [14] , respectively.
Obtaining the polyurethane foams
Foaming of oligoetherols was performed at 500 cm 3 cups at temperature 20-25°C. The foams were prepared from 10 g of oligoetherol, to which 0.23-0.31 g of surfactant (Silicon L-6900, pure, Momentive, USA), and 0.01-0.13 g g of triethylamine (pure, Fluka, Switzerland) as catalyst and water (6%) as blowing agent were added. After the homogenization the polymeric diphenylmethane 4,4′-diisocyanate was added. The commercial isocyanate containing 30% of trifunctional isocyanates was used (Merck, Germany). Values of the NCO/OH ratio were 1.4.
The mixture was vigorously stirred until creaming began. The samples for further studies were cut off the obtained foams.
Properties of foams
The apparent density [15] , water uptake [16] , dimensional stability [17] in 150°C temperature, heat conductance coefficient (IZOMET 2104, Slovakia), and compressive strength [18] of PUFs with flame retardants were measured. Thermal resistance of modified foams was determined both by static and dynamic methods. In static method the foams were heated at 150, 175, and 200°C with continuous measurement of mass loss and determination of mechanical properties before and after heat exposure. In dynamic method thermal analyses of foams were performed in ceramic crucible at 20-600°C temperature range, about 100 mg sample, under air atmosphere with Thermobalance TGA/DSC 1 derivatograph, Mettler, with 10°C/min heating rate. Flammability of foams was determined by oxygen index and horizontal test according to norm [19] as follows: the foam samples (150x50x13 mm) were weighed, located on horizontal support (wire net of 200 × 80 mm dimensions) and the line was marked at the distance of 25 mm from edge. The sample was set on fire from the opposite edge using Bunsen burner with the blue flame of 38 mm height for 60 s. Then the burner was removed and time of free burning of foam reaching marked line or cease of flame was measured by stopwatch. After that the samples were weighed again. The rate of burning was calculated according to the expression:
if the sample was burned totally, or using equation:
if the sample ceased burning, where:
L e the length of burned fragment, measured as the difference 150 minus the length of unburned fragment (in mm). According to norms, if the burned fragment has the 125 mm length, the foam is considered as flammable.
the time of propagation of flame measured at the distance between starting mark up to the end mark or as the time of flame cease.
The mass loss Δ m after burning was calculated from the formula:
where:
m o and m mean the sample mass before and after burning, respectively.
The surface morphology of PUFs was photo-recorded with Malvern's MORPHOLOGI G3 apparatus with 123 (zoom 2.5) and 247 (zoom 5.0) enhancement lens. where:
a, b, c, p, r, s, x, y, z number of oxyalkylene units
By elemental analysis we found: 45.98% C, 8.43% H, 6.64% N, and 1.70% B, which corroborate well with calculated 46.30% C, 8.21% H, 6,90% N, and 1,81% B for MDB:EC = 1:22 product. The progress of reaction was controlled by IR of substrates and formed semiproducts and products. In the IR spectrum of MDB (Fig. 1 ) the broad band in the 3400-2500 cm −1 region belong to overlapping valence . The bands at 1492, 805, 745, and 722 cm −1 were attributed to 1,3,5-triazine ring vibrations [20] . The valence vibration band from -NH 2 group disappeared totally in the spectrum of the oligoetherol (Fig. 2) ; instead it is replaced by hydroxyl group band (centered at 3342 cm −1 ) and methylene group band (2866 cm . In IR spectrum of oligoetherol the bands at 1118 cm −1 was attributed to hydroxyl group, the ether C-O-C band was found at 1056 cm 
The
1 H-NMR spectrum of MDB there are two signals from amine group protons, centered at 6.45 ppm and low intensity one at 6.55 ppm due to presence of protonated and not-protonated amine groups. In the 1 H-NMR spectrum of oligoetherol (Fig. 3 ) the methylene group proton signals are located at 3.38-3.58 ppm. The hydroxyl protons resonate at 3.90 ppm and 4.28 ppm; identified by selective deuteration with D 2 O. Low intensity signal at 5.95 ppm indicated the presence of trace amount of unreacted amine groups from MEL.
The structure of obtained oligoetherol can be deduced from MALDI-ToF spectra. At the MS spectrum of oligoetherol the molecular ion peaks from trace amount of substrates could be observed (Table 1, lines 2 and 3) . The characteristic series of peaks enabled us to draw the conclusion that DBM can react with EC at 1-4 mol/mol of adduct stochiometry ( The oligoetherol has been studied by gas chromatography in order to determine the percentage of consecutive products formed upon reaction of EC with water. Water was released from products of hydroxyalkylation. The consecutive products could be formed by reaction of EC with water or with ethylene glycol. For comparative purpose we have recorded the chromatograms for the reference glycols (Experimental, Analytical methods). It has been found that only ethylene glycol was present in oligoetherol at the level of 1.3 mass %) and no consecutive products were present. Thus we have concluded that involvement of dehydration accompanying hydroxyalkylation process is negligible. The presence of small amount of ethylene glycol in the product was also confirmed by slightly higher value of HN, which was 619 mg KOH/g, while the calculated value for I was 573 mg KOH/g. Some physical properties of the oligoetherol, like density, viscosity, and surface tension were determined (Fig. 4) . It has been found that temperature dependence of these properties is typical. Thus, the viscosity and surface tension are within the range for oligoetherols used for fabrication of PUFs. Refraction index at 20°C was 1.4836.
Further, the obtained oligoetherol was used to obtain PUFs. The optimization of isocyanate showed that the best PUFs were obtained when the molar ratio of isocyanate to hydroxyl groups was 1.4 ( Table 2 ). Optimization of water in foaming composition indicated that 2-3% water led to very low foaming. Rigid PUFs, with regular pores were obtained with 6% water in relation to mass of oligoetherol. The amount of catalyst within 0.1-0.5% did not influence the quality of PUFs. In case of 1.3% triethylamine catalyst fast grow of PUF was noticed accompanied with exothermic effect. It has been noticed that cream time and grow time depend slightly on amount of catalyst. For . At elevated temperature (150°C) the obtained PUF showed shrinkage not exceeding 1.3%. Water uptake after 24 h was as high as 14%, which is close to that of mentioned PUFs 21 . High water uptake was attributed to presence of boron in the structure of PUF. Heat conductance coefficient (0.0375 W/m·K) was larger in comparison with typical rigid PUFs (0.019-0.026 W/m·K) [12] , which seems to be related to the higher water uptake. However, heat conductance coefficient for obtained PUF is close to those found for PUFs obtained from oligoetherols synthesized from HHEM, boric acid and alkylene carbonates [21] . After heat exposition at 150°C the conductance coefficient did not change, while it increased considerably after exposition at 175°C (Table 3) . This was presumably related to PUF structural changes and involvement of sample carbonization. Thermal resistance of PUF was determined by mass loss measurements at 150, 175, and 200°C together with determination of mechanical properties. The continuous mass loss was observed during heating, the highest rate was noticed within first 24 h (Fig. 5) . It is worthy to underline that PUF gained its compressive strength within 30 days of the test (Table 4 , column 3). The mass loss after one month of exposition at 150°C was ca. 16%, while compressive strength increased by 70%, while after exposure at 175°C the mass loss was 35% accompanied with increase of compressive strength by 15%. At 200°C the PUF was deformed. Thus, the PUF obtained here has similar thermal resistance (at 150°C) or slightly lower (at 175°C) than those obtained from HHEM-based oligoetherol, boric acid and alkylene carbonates, while it has considerably higher compressive strength than the PUFs obtained before. However the PUF obtained here is not resistance against thermal exposure at 200°C, while those obtained from oligoetherols with boron incorporated in oligoetherol chain were thermally resistant in such conditions (Table 5) [21].
The presence of boron in PUF resulted in decrease of flammability in comparison with mentioned PUFs. This is demonstrated by both decrease of flaming rate and mass loss upon combustion (Table 6 ). The obtained PUF is selfextinguishing; in horizontal test the flame reached merely 49 mm from the ignition start point, also the flaming rate is 0.5 mm/s, while best PUFs described in [9] show 1.1 to 2.2 mm/s flaming rate and generally bigger mass loss upon combustion. After thermal exposure the PUFs described here maintain flaming only in flame source contact. Probably it is related to a structural conversion of PUF upon thermal exposition. The PUFs after 1 month exposure to 150°C showed increased oxygen index from 21.2 to 21.5%, while those annealed at 175°C showed oxygen index as high as 43.5% (Table 4 ). This indicates inflammability of annealed PUFs. From elemental analysis (Table 7) one can find the increase of nitrogen percentage and decrease of hydrogen percentage. The composition and structural changes of annealed PUFs are related to additional crosslinking, observed already at 150°C. The annealed PUFs show increase of compressive strength. When thermal exposure is performed at 175°C, the carbonization occur and PUFs lose their regular pores and become heterogeneous material. These changes result also lowering of water uptake of annealed PUFs.
Dynamic thermal analysis of the optimized PUF indicated that not thermal exposure PUF started to decompose at ca 164°C, while the PUF annealed at 150°C started to decompose at ca 250°C (Table 8 , Fig. 6 ). However the PUF annealed at 175°C was already changed and showed 5% mass loss at 73°C. Maximum decomposition rate for not thermal exposure PUF was observed at 280°C, which increased to 320°C after annealing at 150°C. The PUF annealed at 175°C decomposed in broad range of temperature: 260-450°C. The structural changes upon thermal exposure could be monitored by IR spectroscopy and microscopic morphological observation. In the IR spectrum of not thermal exposure PUF (Fig. 7) the band centered at 3302 cm −1 attributed to stretching vibration of N-H bond, while N-H bending vibration band was observed within 1600-1537 cm
. The C-H stretching vibration band was observed at 3000-2900 cm . Also the stretching vibration form C = O at 1727 cm −1 is visible. However the band from carbodiimide group disappears upon thermal exposure, presumably due to oxidation. Similarly the band from isocyanate group vanishes upon annealing due to their reaction with hydroxyl groups of oligoetherol, leading to additional crosslinking. On the IR spectrum of PUF annealed at 150°C the C-H bands are well resolved; however after thermal exposure at 175°C they are diffused. Based on digital images of PUFs (Fig. 8 ) one can notice that pore diameter before thermal exposure is ca 900 μm. Upon annealing the pores shrink and the apparent density increase (Table 3) . For instance after one month thermal exposure at 150°C the average pore diameter decreases to ca 200 μm, while annealing at 175°C results in 50-60 μm pores (Figs. 7b-d) . These morphological changes explain the decrease of water absorption of annealed PUFs.
Summary and conclusions
Reaction melamine diborate with excess ethylene carbonate in presence of potassium carbonate catalyst resulted in formation of oligoetherol with incorporated 1,3,5 -triazine ring and boron atoms, designed especially for fabrication of rigid polyurethane foams. The optimized synthetic process requires molar ratio of reagents MDB: EC = 1: 22, 190-200°C temperature and 8-10 h. The product is liquid resin of 5700 mPa·s Fig. 7 The IR spectrum of the PUF No 5 (in Table 2 ) before thermal exposure and after exposure at 150°C and 175°C Fig. 8 Photo picture of PUF before thermal exposure, zoom 2.5 a, and after thermal exposure, at 150°C b, 175°C c, and the latter with 5.0 zoom d viscosity, 1.251 g/cm 3 density at 20°C.The obtained PUF has similar properties as traditional rigid PUFs, except considerably higher thermal resistance and mechanical stability. It can stand long term heating at 175°C. After thermal exposition at higher temperatures it shows increased compressive strength than not annealed one. The obtained PUF is selfextinguishing. Moreover, after thermal exposure the flammability of annealed PUF is further decreased; the flame ceases after removal of ignition source. This makes the obtained PUF a promising material. The solvent-free oligoetherol synthetic protocol, the choice of substrate (ethylene carbonate) can be considered as environmentally friendly process, eventually resulting in formation of self-extinguishing PUF.
